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ABSTRACT 


£ 


~ onts report contains the results of a theoretical investigation 
under contract NOnr-:64,9(00)(X) directed towards improving the sidelobe 
characteristics with respect to doppler of a swept frequency modulated 
signal. The methods of suppressing the time sidelobes analyzed were 
(a) Taylor frequency weighting in the receiver, (b) tone injection to 
predistort the phase of transmitted signal, (c) spectrum weighting by 
nonlinear FM of transmitted signal, (d) spectrum weighting by nonlinear 
FM in transmitter and frequency weighting in receiver, and (e) step- 
amplitude weighting in the transmitter. For each of the cases studied, 
where appreciable, normalized surves of the compressed signal time response 
are presented to illustrate the results. It has been found that nonlinear 
FU cf the transmitted signal results in deterioration of the sidelobe 
performance with doppler due to phase mismatch in the receiver. A 
method that removes the effects cf doppler on the received signal is 
frequency weighting of the transmitted signal. Step-amplitude modulation 
with a small number of steps is one method by which this weighting may 
be accomplished. <~ 


Based on the results of this study, it is recommended that experi- 
mental simulation be implemented for the case of amplitude~weighted, 
frequency coded transmitted signals with frequency weighting in the 
receiver, Since this system is a partially tracking function, the side-~ 
lobe behavior with doppler should be better than the linear FM system 
with a Taylor weighted receiver. Als», since the system is closer to 
a matched system, the signal-to-noise loss should be less than the 


Taylor receiver case. 
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OPTIMUM WAVEFORM STUDY for COHERENT PULSE DOPPLER 


1. INTRODUCTION 


The overall purpose of the Optimum Waveform Study waa 
to determine some type of modification of the normal linear FM pulse to 
reduce the effects of doppler on the amplitude of the range sidelobes. 
Various methods of suppressing the sidelobes with doppler have been 
analyzed and results of the study are presented. The methods studied 
were 
(a) Taylor Frequency Weighting in the Receiver, 
(ob) Tone Injection to Predistort the Phase of 
Transmitted Signal, 
(c) Spectrum Weighting by Nonlinear FM of 
Transmitted Signal, 
(d) Spectrum Weighting by Nonlinear FM in 
Transmitted Signal and Weighted Filtering 
in Receiver, 


(e) Step Amplitude Modulation of Transmitted Signal. 


Each of the above techniques will be briefly discussed to clarify and 
summarize the contents of this report. 


It has been recognized that application of the Taylor type weighting 


function to the signal spectrum in the receiver can produce wery low time 


sidelobes when the target return contains no doppler shift. When doppler 
shifts place the return spectrum "off center" with respect to the weight- 
ing function, the amplitude of the sidelobes increase. This type of 
system is illustrated in Figure 1.1(a) with the corresponding perform- 


ance characteristics. 


If the weighting function could be made to track in doppler, the 
effects in doppler could pe greatly reduced. To avoid amplitude module- 
tion of the transmitted signal, it was believed that some sort of phase 
modulation could be applied to the transmitted signal to effectively 
create a spectrum whose modulus was properly weighted. Iv is known that 
small sinusoidal phase modulations, added to a signal of a given spectrum 
form, produce replica spectra spaced by the modulation rate about the 
primary spectrum. Based on this, it was thought that such replicas could 
emerge from a compression filter at various increments in time to provide 
the time domain equivalent of a spectral weighting function. This method 
of predistorting the phase of the transmitted signal is shown not to pro- 
duce the desired result since the phase of the replica spectra cannot be 
made the same as that of the main spectrum. A system using this approach 


is summarized in Figure 1.1(b). 


From the synthesis methods of Key, Fowle and Haggarty+ it is evident 
that some function exists that has a rectangular time envelope and a 
spectral modulus that is Taylor shaped. Since the signal sidelobes at 
zero doppler depend on the spectral modulus assuming 2 receiver matched 


in phase to the signal, the sidelobes of zero doppler will bs suppressed. 
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(e) LINEAR FM WITH STEPPED AMPLITUDE MODULATION IN TRANSMITTER 


FIG. 1.1 SUMMARY OF OPTIMUM WAVEFORM STUDY PROGRAM 


The behavior of the time sidelobes with doppler shift is examined for 
the pseudo-matched and matched systems. These are illustratec in 


Figures 1.1(c) and 1.1(d). 


Another method of obtaining a tracking weighting function is to 
amplitude modulate the transmitted linear FM signal. The type of ampli- 
tude modulation considered is rectangular AM of the carrier. This tech~ 
nique requires the use of amplitron type of tubes or multiple tubea and 
ig shown in Figure 1.1(e). In the following sections each of the above 


techniques is analyzed and discussed in detail. 
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2. Linear FM with Taylor Frequency Weighting in Receiver 


The post compression spectrum of the linear FM pulse approaches 
a rectangular amplitude shape with flat phase response for arbitrarily 
large values of the time-bandwidth product TW. Taylor@ has developed a 
weighting function which, when applied to the rectangular spectrum, will 
result in a time response with low sidelobes. The Taylor weighting 
function for sidelobes which are 0 db below the peak response is 
described by the finite series 


9 
Hg) = 1+ 2 )> Fs cos = ( W) =u) (2.1) 
M= I W 


where a, * angular scsGuaney about which the weighting function 
is centered, 
Woo frequency deviation in cps, 
Fy = 0.389115L 
Fy * -0.0091523 
rs 0.00,8819 
Fy = 2029016105 
Fe = 9,0003L74 


for LO db sidelobes. 


In the system under consideration, the receiver frequency characteristic 
Ls assumed to be Taylor weighted in amplitude and matched in phase to 
the transmitted signal for zero doppler. The received doppler shifted 


spectrum for a linear Fi waveform can be expresse.. in the form? 


FA) = 4 [2(uy) = 2(up)] - exe [-snr(A- 8 )?] (262) 


2 


‘ 


where Z(u) is the complex Fresnel integral | 
2 
zu) = C(u) + J8(u) = [exp (3na®/2) da (2.3) 


DU Uf Time-bandwidth product, TW 


and the arguments 4, and U, are defined by 


vu, = Sed( 1/2 +A -8) (20h) 
u, * Jp (2 «~A+8) (2.5) 


with 


ray = normalized frequency variable, ( f - £,)/W 
W s frequency modulation deviation in cps, 

S$ = normalized doppler offset * /W 
$ 


™ doppler frequency cps. 


Thus for a receiver matched in phase to the transmitted signal at zero 


doppler, the Taylor weighted receiver characteristic is expressed as 


H(A) ® 1 + aS Fm cos (2mm A) exp(jnD A*), (2.6) 
oo -1/2< As Y2 


= 0 jA| > 1/2 


Using equations (2.2) and (2.6) for the input and receiver spectra, the 


output compressed pulse is given by the inverse fourier transform 


@ 
s(t) = [Fd) H(A) exp (jartA) aA (2.7) 


Equation (2.7) represents the response of an idealized system where 
zero rise and fal]. times have been assumed for the expanded pulse envelope. 
The system model assumes that the receiver compression filter has a linear 
time delay versus frequency relationship for all frequencies. It is also 


assumed that there are no amplitude or phase distortions in the system. 


To provide a reference to serve as a standard of comparison of the 
various techniques of time sidelobe reduction with doppler, the response 


function given by equation (2.7) was calculated by use of the IBM 7090 


i 

i 

i 

E 

E 

f computer. The post compression spectrum was also computed using equation 

| (2.2). Computations were made for a number of compression ratios and a 

| number of relative dopplers at each ratio. The computed results have 
been plotted in Figures 2.1 A, B, C, D, &, F, G to Figures 2.11 A, B, C, 

L D, E, F, G, inclusive. Table 2.1 gives the parameters for the different 

[ figures. Figure 2.12 shows the sidelote level as a function of doppler 
for various dispersion ratios. To make the sidelobe level comparisons, 

[ each plot was normalized to its zero doppler peak amplitude. A curve 
of the zero doppler sidelobe level as a function of the compression 

[ ratio is shown in Figure 2.13. In this plot, the peak sidelobe was 

[ taken at + 2.0 normalized time units. The results for a tracking weight- 
ing function in the receiver are plotted in Figures 2.1) A, B, C, D, E, 

[" and F for the case where D = 126 and the normalized doppler 5 = 0, 

F ol, 02, 035 oft; 05e¢ In this case the receiver is mismatched only in 

g phase as the doppler is varied. 
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TABLE 2.1 3 


KSY TO RESULTS 


Time Post COMPRESSED PULSE 
Bandwidth Compression 
peoiot Spectrum S= 0 $8 =0.1 S8#0.2 8=0.3 S=0.h 8= 0.5 
25 Fig. 2,14 2.1B 2.1C 2.1D 2.1E 2.1F 2.16 
50 2.2A 2.23 2620 2.2D 2.25 2.2F 2.26 
75 23h 2.38 2.3C 2.3D 2.3E 2.3F 2.3G 
100 2uA 2.48 2eC 24D 2.4E 2.uF 2.uG 
126 205A 2.58 2.5C 25D 2.55 2u5F 2.56 
150 2.6A 2.63 2.60 2.6D -2.6E 2.6F 2.66 
200 267A 2.78 2.7 2.7D 2.75 2.7F 2.7G 
250 2.8A 2.83 2.8C 2.8D 2.85 2.8F 2.86 
300 2.98 2.98 2.9C 2.9D 2.95 2.9F 2.9G 
00 2.104 2.10B 2.100 2.100 2.10E 2.10F 2.106 


500 2e11A 2.118 2.11C 2.11D 2.11E 2.11F 2.11G 
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3. Harmonic Phase Pradistortion 
301 Predistortion Function for Low Sidelobes 


In this section we are interested in determining if and 
to what extent phase predistortion can be used to correct for amplitude 
or phase distortion in the receiver. Specifically we wish to know if 
some phase predistortion function can be employed to synthesize the 
equivalent desirable effect of sidelobe weighting functions which are 


pure amplitude distortions. 


The doppler shifted radar signal return is denoted by s,(t) having 
a spectrum S,(w). If this signal is passed through a compression net- 
work having a transfer function H,(u)), the output is s,(t) with spectrum 
So(u). <A weighting function Hg(w) is used to reduce the sidelobe ampli- 
tude resulting in the output s,(t) with spectrum S,(u)). These operations 


are shown in Figure 3.1 below. 


8, (%) : 8g (t) 


y(t) 


WEIGHTING 
FUNCTION 


Sr( ) §,(w ) 


8,( w) 


Figure 3.1 = OPERATIONS ON REVEIVED SIGNAL 


The spectral weighting function is even in frequency and its effect 


on the input s,(t) is to produce replicas of s,(t) spaced symmetrically 


10 


in time about an undistorted output. To show this let the weighting 
function be generally given by an M term Fourier series about a center 
frequency W 5, 


M 
Hg(w) eB 2 ». Be cos [ m( w = Mw] (3.1) 
mz | 


where a flat phase is assumed for simplicity, and 
W = frequency deviation of FM ramp, 


Bm * constants of weighting function. 


Equation (3.1) can be rewritten in the form 


M 
Hy) = x pn exp [ jm(uy - 9) MW J (3.2) P 


The output spectrum for zero doppler is then 


S) * S,(o) Hy (w) 


M 
= Be Sg(w) exp [im - ny) /0 ] (323) 


and the time output by the inverse Fourier transform of equation (3.3) is 


Sy(t) © 


3mMiz 


By Pott * = ) exp (=Jmo/t!) (3.4) 


This shows that weighting produces both leading and lagging time replicas 


of the zero doppler, unweighted, compressed pulse. It is known that as 
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doppler shifts the weighting filter input spectrum, the sidelobes increase 
in amplitude due to the fact that the weighting is centered at uw. If 
the weighting function shifted in frequency, compensating for doppler, the 
sidelobes would remain at a low level. Such a weighting function repre- 
sents the desired result of phase predistortion and can be described using 
equation (3.2) by 


a 
Ma 


Hy) = > BT exp { J [mw -, = 0, )/w + 6, Sgn n] } (3.5) 
m==M 


where Sgn m means the sign of m and 6, is an arbitrary phase angle. 


Vsing an input spectrum of 


1 
Sow) = ‘5 rect [(w = Wy ~ wy)/ (an) J (3.6) 
results in the time response 
1 p® 
ej(t) = af Sow) Hy(w) exp (got) a 
-~@ 


5 fo, SAME A aay {4 [ey emp +65 0m] 


(3.7) 


Thus any phase predistortion function that is to synthesize the tracking 
weighting function given by equation (3.5) must produce a compressed pulse 


time response of the form given by equation (3.7). 


12 


3.2 Phase Predistortion Function 


Since we are concerned with phase distortion occurring 


in time, the phase distortion components can be expressed as 
N 
P(t) = oe c, sin (wt + &,) (3.8) 


where wy is the angular frequency of the nth component. Yor the cases 


of interest W,, is related to the pulse length T of the expanded signal 
duration by 


mM F (369) 
The phase predistorted linear FM signal is then 
s,(t) © s(t) exp [3 $,(t)] 
N 
e s(t) [] exp [3 ¢,, sin (u,b + én) J (3.10) 
n#l 


where 


s(t) = rect (t/T) exp 2mj(f,t + kt?/2) 


k -srateof FM = w/t 


f, © carrier frequency. 


ey GEp 6 


: 
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Using the relation! 


exp [jc, sinut+6@,)] = 5 Jy(Cy) exp [ Jk(t + e,)] (3.12) 
k=-@ 

we note that one predistortion component (N = 1) in equation (3.10) 
represents an infinite set of replicas of s(t) that are weighted and 
shifted in frequency. Evaluation of equation (3.10) using the expres- 
si’. (3.11) 1s not very attractive; however, a useful approximation 
can be made if we assume C, is small, In this case J,(cy) > J,4,(¢n) 
so we drop terms above kel in equation (3.11). Expanding equation 
(3.10), using only the three terms of equation (3.11) for several 
values of N , we note that all cross-product terme are smaller than 
primary terms of similar frequency by a factor of the form Jy (Cy}/To(Cy)« 
Neglecting the cross-product terms, the phase distorted signal can be 
written 


N 
sy(t) = s(t) { Ay * 2 A, exp [d(upt + e,) J 


N 
- YA, exp [-dmgt + en) J } (3.12) 


ne#l 


where 


Jz(¢y) 
Jo(¢y) 


The spectrum of the phase distorted signal is given by the transform 
of equation (3.12), 


N 
Sw) © Ay Siw) + 2 dy S( =a) exp (J€q) 


n®] 


- 3 dy, SQ + w,) exp (“J8,) (3-23) 


n=l 


The matched filter response to x linear FM signal spectrum that 
is doppler shifted is expressed as? 
ein [(wg + ut)(t » [t] 9/2] 

(W, + pt)T/2 


TT <t<T 
Applying this result to each of the spectral components in equation 


s(t) « exp | (0% +s yt] y (3-24) 


(3.13) gives the response 
sin[nwt(2 ~ it/t|)] 


mit 


By(t) © Ap exp (jw,%) 


N sin[aw(t + (2 = |t/r!)] 
+ ¥ a, ep {s[lay + Be + og]} = 


nel 


w(t + + ) 
N - _y sinlw(t © 9)(2 = [t/t])] 
- SY A Ii (ay = t-6 gs ae ee ee 
my“ ep {alley = FI ~ 66]} “ae "7? (3.15) 


This result is to be compared with equation (3.7) previously derived 
for the tracking weighting function. For this comparison, the doppler 
frequency can be assumed to be zero. The mest significant differences 
in the two results is that the lagging echoes are negative in equation 


(3.15) and positive in equation (3.7). This means that only leading on 


(or lagging) echoes can ba synthesized as desired. Except for this 


15 


sign difference, the desired weighting function could be approximated. 


Thus phase predistortion cannot in general synthesize or correct for 


the effects of pure amplitude distortions in the recsiver. 
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4. Taylor Weighted Nonlinear FM 


The method given by Key, Fowle, and Haggarty) is used to 
determine the phase characteristic of the transmitted waveform such 
that the envelope of the signal is rectangular and the spectrum is 
shaped as desired. From the phase characteristic, the tima delay is 
found as a function of frequency. This function is then reversed to 
determine the required nonlinear frequency in terms of time. Integra- 
tion of the frequency yields the phase of the transmitted signal as a 
function of time, Knowledge of the phase function determines the 
matched receiver characteristic so that the overall system response 
can be calculated as a function of the compression ratio and doppler 


frequency. 


4.1 Delay Function for Nonlinear ™M 


If the signal is denoted by f(t), then the signal spec~ 


trum is defined by the Fourier transform 


ee 
f a” exp(gut) dt = — | F(m) | exp[J ¥)] (4.2) 


where F(w) - envelope of signal spectrum 
W (w) “ phase of signal spectrum. 
For a rectangular envelope, the relationship between the phase and the 


frequency spectrum of the signal is given byt 


2 
| F(w) | = K (4.2) 
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where K is a constant. 


The group celay is defined as 


2? 
+, = « aw = = du) + constant 
¢ du) dui 
1 7” 2 
= - gf [Fw] a (43) 
Kido 


When the envelope of the spectrum is specified as 40 db Taylor 
weighted, then from equation (2.1) 


5 
Fd} = 1 + 2 ?, Fi, COs mo /W (4.4) 
m*l 


Using this value of F(w) in equation (4.3) and neglecting terms 


involving # and FF, for and K greater than 2 results in the 


approximate delay function (see Appendix I). 


GQ) 4 MW 
-tgWw)/T = om =O ». K, Sno» ~W<u< TW (4.5) 
me) ; 
where 
2 
i 2 ’ Ko * 
m(1 + 23) an(1 + 2F4) 
ALE Dd tare ye 
Ky ee = 


K ER 
m(1 + 2F°) : I an(1 + 2F4) 
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i = signal time duration = 2nw(l + art\/e 


F's as defined in equation (2.1). 


Equation (4.5) can be written in the normalized form 


\ 
Zita - <8 > he z K, sin amA, -1/2 <A< 1/2 
= oe 


(4.6) 


where 


QA = o/f(anw) = £/W 
This equation has been plotted in Figure h.1 from which the degree 
of nonlinearity can be seen. 
l.2 Phase as Function of Time 
Since the transmitted signal is to be of the form 


u(t) = rect(t/T) exp [i¥(t)] , (4.7) 


the phase Y must be determined es a function of time, If equation 


(4.6) is reversed so that 4: is made a function of t, then 


yin) =f wt) at (8) 
O 


The most convenient method of reversing equation (l.6) is to make an 


N peint harmonic analysis of ty 1s shown in Figure 4.1, obtaining a 


finite series representation of uy(t), 
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w(t) = enw [ - + 3 K,, sin annt/T (4.9) 
n=] 
where Kj, + =.1648 Ke = -.0181 
Ko = 0673 Ke = .0133 
K3 = = 20380 Kp = 20098 
Kk, = ~0260 


Integration of equation (4.9) yields the phase function 


V(t) = 71W [ eg ~ 5 ae cos orn (4.10) 


n®l] 
Letting TW =D =T/t, where Tt is the compressed pulse width, then 
t/t = t'/D, where t' is the time normalized to the compressed pulse. 
With this notation the phase becomes 


y(t!) = «aD [ (t'/o)* - ; = cos amnt' /D (4.11) 
n=l 


4.3 Spectrum of Transmitted Signal 


Since the inverse Fourier transform of f(t) can be 


expressed as 


9) 
F(f) = f se exp(-jamft) dt (4.12) 
the spectrum in terms of the normalized time t = Wt becomes 
ae ee 
tin) © Z fete! Au) exp(-sanet!fa) at! (1423) 


For the transmitted signal u(t') defined by equation (4.7), the 


spectrum is 


u(A) » — foe exp (<j 27At') dt’ (41h) 


co ES 


or I 
i 2 ' ' ! ‘ 
uA) = @F [i rect(t'/0) exp[(t') = aAt ] dt 
D/2 m XK 
. 7 exp { ano [ (t'/0)? - ¥ =~ cos amt'/p - 2ht'/o] } at’ 
(4.15) : 
where A = normalized frequency variable f/W. 


4.4 Receiver Processing of the Return Signal 


The receiver phase function exp CJ, ), is the conjugate 
of that for the transmitted signal so that Wp =- Wp. The trans- 


mitted phase angle is determined from the group delay by 
: a 
2) J tg(A) aA (4.16) 

where tg(A) is given by equation (4.5). Thus the phase is * 

is 4 
Yao) = = of [r\/(anw) + DS K, sin (mAMv)] aX 5 (417) 

‘e) m=1 

which can be integrated and written in the form 


W (A) = ~D [ wa? - z Zs ces arm A | (4.18) 

where the constant phase shift term in the integration has been omitted. 

The receiver phase is then 

sk 
m 


m=) 


Waid) = d[ ad? - cos om A | (4019) 


mee 


# To correspond with the Fourier series representation given by Equation (4.9), 


the sign of ty has been changed. 


ee ee ee ee ee ee ee ee 


coor > i Sar 
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If the receiver has an amplitude characteristic A( A), the overall trans- 


fer function for the receiver becomes 
H(A) = a(A) exp [j¥,(4)] (4.20) 


The doppler shifted received signal spectrum is obtained from equation 
(4.15) as isis oe 
uUA-38) = af exe ano{{t] -~> == COB ang - i Sok Fh } ] ae" 
“Oe ie (4-21) 
where 5 = normalized doppler shift PM. 
The amplitude of the spectrum as given by equation (4.21) is plotted in 
Figure 4.2 for D = 50 and zero doppler. 


Using the receiver transfer characteristic as given by equation 
(4.20) and the input spectrum as defined by equation (l.21), the output 


time response is the Fourier transform cf the product spectra. 


A./2 
s(Wt) = uf H(A) Uu(A~-8) exp(jamAwt) dA (4.22) 
-A/s2 


where 4, © normalized receiver bandwidth 
= f,/W 


L.5 Calculated Results 


The time response given by equation (4.22) has been computed 
with a time-bandwidth product D * 50 for different doppler offsets and 


receiver bandwidths. In this case a rectangular receiver amplitude 
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characteristic has been asgumed 30 that A(A) in equation (4.20) is made 
unity. The caJculated results have been plotted in Figures .34, L.3B, 
L.A and 4.UB, and these show that the compressed pulse becomes severely 
distorted with high sidelobes even for small relative doppler frequencies. 
This means that the receiver compression filter which is matched to the 
zero doppler signal is extremely sensitive to the phase mismatch produced 


by the doppler shift. 


. 
' 
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5. Square Root of Taylor Nonlinear Fil 


In order to reduce the degree of nonlinearity in the trans- 
mitted signal and also to provide a match system to improve the signal- 
to-noise ratio, square root of Taylor spectrum weighting in both the 


transmitter and receiver is considered next. 


Sel Delay Function for Transmitted Signal 


The spectrum amplitude for square root of Taylor weighting 


is given by 
5 1/2 
F(u)) = [ 1+ 2 > a cos - ] (51) 


m=l 
where the constants F, are those for 40 db weighting defined in equation 


(2.1). Substitution of this function into equation (h.3) results in the 
time delay of the signal 


t o2 - EL root? dX 


[: -z[us 2% Mean St | (5-2) 
n= 


-7W < w < TW 


— 
i é 


Dividing equation (5.2) by the signal time duration T, we obtain the 


- 


normalized delay 


C 5 
, és . enw wo Fm mw 
— ta/ T tq - — [ on * + 2 Tm sin a ie 


es 


i 


\ 


where the relation A = f/W = w/(2nw) has been used and K has been 
chosen to be 27W/T to arrive at the last expression. vhen the constants 
Fm as given in equation (2.1) are substituted the delay as a function of 


frequency becomes 
ty(A) = - [4 + .12386 sin 271A = .00150) sin mA 


+ .000518 sin 6nA ~~ .000128 sin &r9A | (5.4) 


This equation has been plotted in Figure 5.1 and, when compared with 
Figure 4.1, the corresponding curve for Taylor weighting, it is noted 
that the deviation from linearity has been reduced. 


5.2 Spectrum of Transmitted Signal 


From a 2); point harmonic analysis of the frequency versus 
delay curve shown in Figure 5.1, the frequency is found as a function of 


time. The Fourier approximation is expressed as 


m 
A(t) = t + 2 K, sin ant (5.5) 
_ r n=l 


t 
and since A * as ts Tt? the series can be written 


t 
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w(t) = anu [ t 4 ; K sin ilshs | (5.6) 
= - 7 
n=] 
where 
ry -.11)5 Ko = -,0082 
Ko = 20396 Ke = 20055 
K3 = -.0202 Ky = =-.COL0 


K, #* 0118 
The Fourier series approximation of the frequency function is also shown 
in Figure 5.1. 


Since equation (5.6) for the frequency function is the same as that 
given previously for the Taylor weighted case (equation 4.9), the form 
of the transmitted phase and spectrum is that given by equations (4.11) 
and (.15) respectively. 


5.3 Received Signel Waveform 
The overall receiver transfer function is again given by 
H(A) = (A) exp [5 ¥p(A) ] (5.7) 


whee Weld) is defined by equation (4.19) and A(A) is the square root 
of Taylor amplitude characteristic 


5 1/2 
A(A) = [ 1+ 2 my F, 008 arm A | (5.8) 
m= 


Using the relations given by (4.21) and (5.7) in equation (4.22), the 


receiver output is obtained as a function of time. 
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Sel Calculated Results 

The amplitude spectrum of the transmitted signal as come 
puted by use of equation (4.21) for square root of Taylor weighting is 
shown in Figure 5.2 for the sero doppler case for a pulse compression 
ratio of 25. The corresponding square root of Taylor weighting function 
is also shown for comparison purposes. Using equation (.22), the receiver 
signal output has been calculated for D = 25 and D = 50, for small doppler 
offsets in units of 5 = p/W. These results have been plotted in 
Figures 5.3A, B, C, D, E and Figures 5.lA, B, C, D, BE. Comparing the 
matched and mismatched systems under zero doppler conditions for D = 50 
a received signal bandwidth of W, the square root of Taylor weighted 
system is found to have 1,21 db more signal than the system with Taylor 
weighting only in the transmitter. It is noted from a comparison of 
Figures 5.3 and 5. that for a given doppler offset the time sidelobe 
amplitude increases in amplitude as the compression ratio is increased. 
Also, as the compression ratic is increased, evaluation of the integral 
in equation (l.22) requires more computation time. To decrease the com- 
putation time for large values of D, and also to check the results obtained 


here, another method of determining the system response is developed in 


the next section. 


—— joy Ci 
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6. Alternative Method of Analyzing Nonlinear IM System Response 


6.1 Analysis of System Matched Only in Phase 


As a check on the previous method of finding the system 
response, an alternative method of analysis of the nonlinear FM system 
is used. This analysis assumes a weighted amplitude spectrum for the 
transmitted signal and an all pass receiver with a linear delay char- 
acteristic. The truncation in time of the transmitted signa], and 
truncation in frequency of the received signal in the previous analysis 
is replaced by a transmitted spectrum of finite width. Using this 
approach, the Fourier series approximation of the delay-frequency char- 
acteristic is unnecessary since the analysis is carried out in the 
frequency domain instead of in the time domain. 


Let A(f) exp[iW(f)] be the Fourier transform of the trans- 
mitted waveform and let the receiver be described by the all pass filter 
characteristic exp[-Jj(f)] . The response of the receiver to the 


doppler-shifted transmitted waveform is the inverse Fourier transform 
pied. 
a(t) = Fr {alt -$) ex (3vit - 9) ~ s¥(f]}, (6.2) 


Where A(f) = amplitude of transmitted spectrum 


W(f) = phase of transmitted spectrum 


@ = doppler shift in cycles per second. 
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The system in the frequency domain is as shown in Figure 6.1 


A(f-#exp[Jnf-9] aA(f-d)exp[sv(f-% - Jf) ] 


DOPPLER SHIFTED 
TRANSMITTED WAVEFORM 
SPECTRUM 


FILTER OUTPUT SPECTRUM 


FIGURE 6.1 


DIAGRAM OF SYSTEM IN FREQUENCY DOMAIN 


6.2 Cosine on Pedestal Amplitude Spectrum 
If the spectrum amplitude is described by 


f £ 
A(f) * [2 + 2F, cos a1 Jj rect oT (6.2) 


where 
Fy s 0. h2 


W = width of spectrum in cycles per second, 


the sidelobes of the response corresponding to g = 0, will all be 


suppressed to a level of LO db or more below the peak response. 


6.3 Required Phase Function 


If the envelope of the transmitted waveform is to be 


approximately rectangular, then the phase function W(f) must satisfy 


the condition! 


2 
acy 
2 
ae (f) (6.3) 
where k isa constant to be determined Later. 


In this case 


2 2 
acy | 


2. 


Integrating this expression with respect to frequency re3ults in 


ad s 
ey * Kk [ (l+# aPS ye + 4 Fy (w/ ett) sin 2nf/W 
+ 276 (w/e) sin Lit(w | (Ge) 
1 ay 
If the delay - 3, Gf is to change by ~T in the frequency interval 
sri Ses 3 then : 
2 2 w/2 
a ay s - Ff 
~ on af 
w/e 
which gives the value of 
2u-T 
k " 3 (6.5) 
{lL + 2 F) ) Ww 


The phas2 as a function of frequency on integration of (6.4) becomes 


2 

wT eTWF) r TWF} 
W(t) = Ww ral - ; 3 cos ai - = 2 8 Lert s 
m(1 + cF) W lm (1 + 2F5) W 


Equation (6.6) can be rewritten as 
f ‘ft 
W(f) = «7D [ cea? on C) seal) - Cy cos in = | (67) 
where i 
D = TW 


he 2 2 
Cc, — 2R/ w(1l+2 FP] ) 


Co = FL / Wma +2 Fe) 


6.4 Output Phase Function and Spectrum 


The phase difference, W(f-) = W(f) , can be expressed 


W(t - $) - Wif—=-7 D [ (yw? - 2fdw - 20) sin sin on : nore 


(6.8) “ 


£- ¢/2 
= 26, ein ME sin lm ms ] 


2 
The term no[=| in equation (6.8) represents a constant phase shift 
and 2Df¢/ W is a linear phase shift with frequency so that these terms 


do not contribute to the distortion of the output waveform. 


Considering only the distortion terms, the output spectrum can be 


written in the form 


‘s(f) = A(f = dq) exp[- jC a sinx © b ein 2x ) | (6.9) 
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at 


where a = 2 04D sin = 


Using the Bessel function expansion of the exponential 


exp(-ja sinb ) 2 Jdola) - dyla) [ex(ie) - exp(-je)] 
+ Jo(a) [exp(52e) + exp(-j2e)] (6.10) 
~ J3(a) | exp(j3e) - exp(-j36 )] 


+ 


eevoon 3 


the output spectrum becomes 


s(t) = a(t - $){ Jola) - Jy(a) [exp(ix) - exp(~jx)] 
+ Jg(a) [ exp(J2x) + exp(-J2x)] 
- J3(a) [ exp(j3x) - exp(-j3x)] 
+ vee } { ao(d) - dnb) Lexp(s2x) - exp(-J2x)] 


+ Jo(b) [exp(jlx) + exp(-jlx)] - vee} (6.11) 


6.5 Result for Restricted Case 


Consider the case where TW = 50 and ¢ «0.1V, the values 
of a and b are then a = 6.15, b = 0,61, and the corresponding Bessel 


functions are 


Jo(b) = 0.91, J, (b) = 0.29, J, (b) = Oh 


wee BE 
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In this case only the first two terms of the second Bessel function 
expansion will be considered. Under this condition the output spectrum 


can be written as 
s(t) = a(t = $){so(addg(d) - [sy(a)do(d) * Jn(a)dq(b) + J3(a)Jy(b)] exp (3x) 
+ [5 (a)do(b) = Jy (a)J,(b) - J3(a)J,(b)] exp(-Jx) 


+ [Jola)dg(b) = Jo(a)dy(b) + Jy,(a)Iy(b)] exp(j2x) 
+ [ Jo(a)do(b) + Jo(a)Jz(b) - J}, (a) Iz (d)] exp (-j2x) 


+ [53(a)do(b) + Jy(a)dy(b) = Js(a)Jy(b)] exp(33x) 
+ [ 33(a)Jq(b) = Jy (a) J (d) - Je(a)J(b)] exp (~j3x) 


{ 
+ [dy la)do(d) - Ja(a)y(b) + Jg(a)dy (b)] | exp(jhx) 
+ [ Iy(a)do(d) + Jo(a)dz(b) - Jg(a)dq(b)} exp(-Jjux) 


+ [-Je(a)dg(b) * J3(a)Jy(b) = J7(a)dy(b)] exp (35x) 
+ [dg(a)dg(b) + J5(a)dy(b) - Jo(a)J, (b)] exp(-J5x) 


Ag 


ee StS. v (6.12) 


—— 


Equation (6,12) is of the form 


w@ 
S(f) = A(f-) } gq, exp(jnx) (6.13) 


nh z~0O 


where qn, are the respective coefficients of equation (6.12). The 


terms in equation (6.13) are of the type 
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S(f) = a(t =) a, exp[5 am(t - $/2)/V ] 


= a(f-$) a, exp[j amn(t -)/i] exp(gmp/) (6.14) 


6.6 Output Time Response 


The time function corresponding to equation (6.14) is 


s(t) fs (£) exp(jonft) af 
= p 
n -o" 
re) 
= q, exp (jm du) f A(£ +) exp[jamn(f-4)/v + janft] af 
-0) 


= a, a(t +2) exp [jarg(t + )] (6.15) 


where 
(08) 
a(t) = i (f) exp (janft) df 


f i 
ae + 2F, cos an q) rect > exp(janft) df 


= W [ sine Wt + Fy sinc W (t + *) + F, sinc W (t - =) ] (6.16) 
and 


sin w Wt 


sine Wt # 
qr Wt 


The output time response is then expressed as 


co 
s(t) *= 2» s,(t) 
n=-@ 
oO n n 
= > a, alt + 3) exp [ jarp(t + ow )] (6.17) 


Ns-@O 


¥ 


In terms of the sinc functions the time response is 
0 
s(t) =Wexp (jam¢t) > an { sine w(t +B) + Fy sine w(t + arn) o 


cae aoe (6.18) 
+ Fy sinc W(t + Bey} exp(j —~) 
W 


When the time is taken at integer multiples of 1/W, only three terms are 
1 
required for each point in time since a(0) = W, a(&) a a(—7) = FW and 


a() = 0 for integer values of n other than O or +1. 


The time response has been calculated for TW = D = 50 and 3) = 0.1W 
using equation (6.18). The values of qy used are given in Table 6.1 and 
the calculated values of s(t) are plotted in Figure 6.2. The solid curve 
shown in Figure 6.2 is the response as calculated by equation (4.22) of 
the first method of analysis. The agreement in the two methods of analysis 
is quite reasonable. For values of b greater than unity, more terms of 
the second Bessel function expansion should be taken. This leads to a 
different equation for the q,,'s; however, the calculation of s(t) can be 


made in the same manner, 


TABLE 6.1 
aq * 173 ag = 160 a6 = +318 
a, * 0273 qj = -171 G7 = 7.0323 Q.7 = +232 
Gp = «202 dip = -288 ag = --O14 ag = 13h 
a3 2 -.2hi Q_3 "7 -.115 dg = .018 dg = +064 
q, = 46l q.), = 153 mo O11 G19 * +027 


ag = 0358 qug = 31h a11 = 005 911" .010 


Ww 
on 
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6.7 Analysis of Matched System 


If the Fourier transform of the transmitted waveform is 
A(f) exp [3 W(£)] , then the matched receiver is given by A(f) exp [ -3 ¥(f)] 
where A(f) is real. The response of the receiver to the doppler shifted 


transmitted waveform is then 


a(t) = ¥[ a(tya(e -$) om {gs [wile -#) - vied] } | (6.19) 


6.8 Square Root of Cosine on Pedestal Amplitude Characteristic 


To simplify the analysis a cosine on pedestal will be 
used instead of a 40 db Taylor weighted amplitude function. For the 
matched system, the transmitted spectrum will then be 


3 
a(t) = [1+ 2F, cos ant | rect — | (6.20) 


where Fp 9.42 for 40 db Taylor equivalence. 
6.9 Spectral Phase Function 


In order to satisfy the condition for a rectangular time 
envelope, use of equation (6.3) gives 


acy 


ie k [1 + ar, cos an Z| oe <u (6.21) 


Integration of (6.21) gives the delay 


1 ay K [ FW anf | 
a Ss + 
on Tia f sin aan ae (6.22) 


a Fel re Ee HS ae oe SC CG 


ae | 


a 
t 


Soe 
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Since the delay is to change by -T in the interval -W/2 to W/2, the 
value of K is 2nT/W. This resul:s in the spectral phase. 
fy2 FY ong 
W T W 


and the phase difference 


Yee = nafs? BE FB (sn 2 if <0 


we " 


= eS aes eee ain 2 oa eee oe | 
W we a* W W 


(6.24) 
where D = TW. The first two terms in equation (6.2l) cause a constant 
phase shift and a linear phase shift, respectively, so that only the last 
term will be considered. In this case the phase distortion term is 

2DF i ah 
W3(f) = -——— sin mu sin 2 
= - asin x (6.25) 
oF T 
where a 7 Bi $ 
7 W 
fad 


x = eT 


6.10 Output Time Function 


If it is assumed that doppler shifts are very small 
(oA s 20h), then 


a(t) a(t =) = [1+ 2F, cos ané | rect = (6.26) 


and the output time response will be 


a(t) = [rect £ - [1 + 2 cos an £] exp [ 5 ¥g(t) + sen et | as 


@ 
= A G(f) exp [ -Ja sin x] * exp [ j2n ft ] df (6.27) 
-@ 
where 
a(f) = [1+oF on £ +f 
(f) Ll + 2F; cos = | rect & 


Using the Bessel function expansion given by equation (6.10), equa- 


tion (6.27) can be expressed as the series of integrals 
(08) 
s(t) = Hota) fate) exp (j2n ft) df 
A ® 
- Jy (a) f pitt) [ exptax) = exp(-dx) ] exp( sam tt) at 
(06) 
+ dole) fi 9(£) [ exp (sex) + exp(-J2x)] omp(g2n £) af 


- 3,(a)[~ G(f) [ exp(j3x) - exp(-53x) | exp(2n ft) df +... 
-@ 
(6.28) 


The integrals in equation (6.28) are of the form 
@ : 
s(t) * dpa) a(t) exp[s “53 (ft - 34) + Jenet) ] at 
-@ 


00 
= Jo(a) exp (+3 wae) fc omp[ Jen t(t + 2)] ar 


© J (a) exp (-j BBL) g (t +3) (6.29) 
n W W 
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where 


gt) 


(08) 
foe) exp (gan ft) at 


eo 
‘| [2 + 2Fj cos anf] rect £ + exp (j2nft) af 
-@ W W 

2 } 4 ; 1 - L o 
w[ sinc We + Fy sine W(t +2) + F) sinc W(t 1)] (6.30) 
The output response becomes 
1 a . af . 417 
s(t) = Jola)g(t) - Jy (a)e(t + =) exp (-J aE + Jylajg(t - : ) exp (3 TP) 

+J $+ “J 2TH.) + In(adg(t ~ 2 on ¢ 

o(a)a( ~) exp (-J 5 ) + Ipfade(t ~ =) em (J on) 
~ dx(adg(t + 3) exp (5 EL) + ay(adelt - 2 em (3 3TH) 


+ 


= n n nt 
s(t) = ) (-1)" dyla)e(t + =) exp (-j ——> (6.32) 
n =- W 2 


Equation ($,31) can be used to calculate the system time response for 
various doppler offsetsand TW products. This equation has been derived 

on the assumption that the doppler offsevus are so small that the receiver 
filter tracks the transmitte? signal in amplitude. The advantage of equa- 
tion (6.31) over the corresponding equation in the first method of analysis 
is that the computation time required using equation (6.31) is very much 
smaller. ‘hen the computed results from the two methods of analysis are 
compared, it is found that the time sidelobes of the response are lower 

in amplitude when eguation (6.31) is used so that the results using this 


equation are optimistic. 


Lo 
6.11 Calculated Results 


Through the use of equation (6.31), the received signal 
time resporise has heen calculated for a number of different compression 
ratios and doppler frequencies. The key to the parameter values for the 
various curves are given in Table 6.2. A curve showing the signal loss 
as a function of doppler and compression ratio is plotted in Figure 6.11. 
A similar curve for the time sidelobes of the signalresponse is shown in 
Figure 6.12. From these results it is seen that the system performance 
with respect to signal loss and time sidelobe amplitude deteriorate with 


increased doppler frequency or compression ratio. 


6.12 Comparison of the Two Analysis Methods 


In the first method of analysis given in section h, a 
rectangular time function is assumed for the envelope of the transmitted 
signal and a given amplitude spectrum is approximated by choice of the 
proper spectral phase function. Bandwidth truncation of the signal occurs 
in the receiver, A weighted amplitude spectrum that is truncated in fre- 
quency is assumed for the signal in the second method of analysis and a 
rectangular time function is approximated for the envelope by choice of 
the suitable phase function. Since the phase term in equation (6.1) 
vani:hes for zero doppler, the signal spectrum for zero doppler is 
independent of the TW product in the second method of analysis. In the 
first method of analysis a direct cancellation of the phase function does 
not occur since the analysis is first carried out in the time domain 


ahead of the phase subtraction process in the receiver. 


=e 


econ erases il ves 


TABLE 6.2 


% 
KEY TO CALCULATED CURVES 


eer Compressed Pulse Response 

saat S=0 S#,01 S=.02 8=.03 8S = woh 
50 Fig. 6.3 6.hA 6.UB 6.4 6.hD 
100 6.3 6.54 6.53 6.5C 6.5D 
150 6.3 6.64 6.63 6.6C 6.6D 
200 633 6.74 6.7B 6.7C 6.7D 
300 6.3 6.8A 6.8B 6,.8C 6.8D 
400 6.3 6.9A 6.9B 6.9 6.9D 
S00 503 6.108. 6.108 6.10C 6.10D 


“For doppler shifts in the order of 8 = .1, the curves are essentially 


a function of D§ so that the curve for D = 500, 8 = .01 can be used 


for the case where D #50, §=.1. 


h2 


7. Linear FM with Stepped AM in Transzitter 


It has been seen that phase modulation of the transmitted 

Signal results in an overall system response that becomes distorted with 
doppler shifts due to the mismatch between the signal and the compression 
filter. It is know that a system using amplitude modulation of a linear 
FM transmitted signal realizes no signal distortion with doppler when an 
all-pass receiver is used. To this end, a simple step type of amplitude 
modulation will be studied in this section to determine the degree of 
improvement provided as to sidelobe amplitude reduction and also to find 


the optimum values for the width and height of the steps. 


7.1 Waveform Parameter Notation 
The type of step modulation to be considered is shown in 


Figure 7.1 where the index N determines the number of steps. In the 


AMPLITUDE 


FIGURE 7-1 - STEPPED AMPLITUDE CARRIER ENVELOPE 
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[ 
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notation used, the actual number of steps in the waveform is given by 
2N - 1 assuming a symmetrical time function. For the purposes of 
analysis it is corvenient to assume that the waveform consists of N 
rectangular steps of amplitude a, and width b,T as indicated in Figure 
?el. It wili be assumed that b, = 1 and 


N 


> a, =s 1 (7.1) 
ne] 


7e2 Response of Flat Receiver to Step Amplitude Waveform 


We consider the case where the receiver is matched to the 
incoming signal only in phase, the receiver amplitude being flat. The 


transfer function of the receiver is then 


H(f) = exp[j7(f - fo)?/«] (742) 


where 
fo *® carrier frequency 
k a rate of linear FM. 
The response of a receiver to the doppler shifted signal is evaluated 
as the convolution of the signal time function and the impulse response 
of the receiver transfer function. If a single rectangular pulse of 


amplitude a and width bT is considered, then the response can be written as 


s(t) = e{t) « h(t) (7.3) 
where e(t) = doppler shifted transmitted waveform 
= a rect (-) exp [27j(f£, + P)t + Kt*/2 ] (70h) 


€ * convolution 


h(t} = receiver impulse response 
@ 
= f H(f) exp [ j2 ft] af 
-@ 
a /# exp { j27(£,t 7 Kt?/2 ) J (725) 


3) = doppler frequency 
W 7 net frequency sweep = kT 
Using equations (7.4) and (7.5) in 7.3) gives the response 
@ 
‘ W ot( = -t)- -t)* 
3(t) a fe [ rete) exp {32 m[(ty +P)r + e?/2 + f(t - 7) - k(t - 7) /ajar 


bT/2 
“a f exp [J27 (fot - «t2/2)] J exp [j2m7(p + kt)t] dr 
~bT/2 


sin7(SD + wt) b 


= ab./D exp [j27(f,t - Kt*/2) +jsr/,] w(SD + Wt) b 


(7.6) 


where D = TW. 
Equation (7.6) is the response of an sll pass receiver to a linear FM 
signal with a rectangular time envelope. The envelope of the response 


4 


is given by 


[s(t)| « ab/p Sin ™(SD+ Wt) © « ab/D sinc(SD + wt) b (7.7) 
(SD + Wt) b 


Since the transmitted signal envelope consists of a sum of rectangular 


pulses of amplitude «&, and width oT, the transmitted: signal can be expressed 


as 
u t 2 
e(t) = > ap, rect(b,T) exp [ jom(f, +) t+ kt /, | (7.8) 


nj], 


and the corresponding response envelope of the compressed pulse becomes 


4S 


N 
|s(t)| = JD YF ag, sine [(8D + wt)b,] (7.9) 


nel 


by superposition of individual. responses as given by equation (7.7). 


7.3 Optimization of Amplitude and Width of Subpulses 


We wish to determine the optimum values of ay and by 
which will yield the minimum time sidelcooes fcr the response given by 


equation (7.9). The response function can be expressed in the form 


N 
in by@ 

a(@) = YY arb, - (7.10) 

nel be 
wnere 

| s(t) 

s{ a) = JD 

a s=s (SD + Wt) 


In general, the function given by equation (7.10) will be sin x/x in 
form, with a positive main lobe and positive and negative sidelobes. The 
problem of minimizing the time sidelobes that occurs here is the same as 
that of reducing the antenna pattern sidelobes for an antenna utilizing 
an amplitude distribution that varies in a stepwise sannesr.© We define 


the criterion of performance or efficiency 7 as the ratio of energy in 


the main lobe between the first seros to the total wergy in the pulse. 


Ae 2 
f(a) da, 
ae | (7.11) 
eR 
f(a) ? a 
ce] 


Thus 


6 


ay * value of a@ at first zero. a 


The integral in the denominator of equation (7.11) can be integrated 


a 
2 
i: [2 onhy SBS] aa = fay2loy - bp) + (ay + ap)%bp - b3) 4. 
.¢) 


neil 
» + (ay + ap +... + an_y)@(by_y = by) 
+ (a, + a, + oe + a)? b, | (7.12) 


This equation represents the total energy in the pulse and can be 
assumed to be constant. If evaluated for N= 1, a, =1, b, = 1, the value 


of the integral given in equation (7.12) becomes 7/2, The value of 


is then 
a 
aA 
- 7 
, 


This integral has been maximized with respect to a, and u, by Nash© 


3 Pao na |’ da (7.13) 
=i bs 


n 


for values of N up to hk. His results are plotted in terms of the present 
notation in Figure 7.2. The efficiency is seen to be a rather slowly vary- 
ing function of the pulse width dye It is also found to be a slowly varying 
function with respect to the amplitude of the steps. Nash found in his 
studies that the best results were obtained when the change in the pulse 


width from subpulse to subpulse was kept constant (c.g. by - by = bo - b3 , 
etc.) 
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7.) Calculated Results 


Using a normalized form of equation (7.10) expressed by 


, : sin bya : 
n=] bp : 


s(a) a uae (71h) 


aes N 

oy Any, 

the time response for a number of step-amplitude waveforms have been 
calculated, Table 7.1 lists the various Figures with their significant 
parameters and pertinent comments. Inspectdon of Figures 7.liA, 7.5A, 7.64, 
7.7A and 7.70 shows that the optimum values of the step width and amplitude 
are such that the inner corners of the steps lie very close to the 40 db 
Taylor weighting curve. The sidelobe characteristics of the curves ere 
summarized in Figure 7.8 and shows that even with only two subpulses, 
there is approximately 7 db improvement in the time sidelobe response. 

As the number of subpulses is increased beyond 5, the reducticn obtained 
in the sidelobe amplitude is small for each unit increment in N. The 
normalized pulse width as a function of the number of subpulses is shown 


in Figure 7.9 . The comparison in the widths is made at half the pulse 


amplitude and the reference pulse is the normal sin x/x pulse. 
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8. Summary, Conclusions and Recommendations 


8.1 Summary 


In this section a comparison is made of the different ‘ 


systems that were studied to sid in summarizing the results: 


(a) The two pertinent quantities by which the performance of the 
different systems is judged are the time sidelobes and the signal-to- 


noise loss characteristic as a function of doppler shifts. 


(ob) A set of curves showing these quantities plotted against 
normalized doppler is shown in Figure 8.1 for a svstem with a time- 


bandwidth product of 50. 


(c) To obtain an idea as to the range of the normalized doppler ) ’ 
a radar operating in C-band with a bandwidth of 1.5 Mc and a target 


velocity of 60,000 ft/sec, corresponds to a § of 0.15. 


(d) Curves a, A, b and B of Figure 8.1 show that both the sidelobe 
and signal-to-noise performance of the nonlinear FM systems deteriorate 


very rapidly with doppler offset. 


(e) In the case of linear FM shown by curves C, D and d, the change 


in performance with respect to these quantities is relatively slow. 


(f) Curve C of Figure 8,1 is for a stepped amplitude modulated 


linear FM transmitted signal feeding a receiver with a flat amplitude- 


frequency characteristic so does not show the sidelobe degradation with 


CURVE 51 
a,A NONLINEAR FM WITH TAYLOR SPECTRUM 
WEIGHTING IN TRANSMITTER , D= 50 


b, 8 NONLINEAR FM WiTH TAYLOR SPECTRUM WEIGHT 
ING IN TRANSMITTER AND RECEIVER, D = 50 


c,C LINEAR FM WITH STEP AMPLITUDE MODULATION 
IN TRANSMITTER , FLAT RESPONSE RECEIVER, N= 


d,D LINEAR FM WITH TAYLOR FREQUENCY WEIGHTING 


IN RECEIVER, D=50 6 
ae a iif 
ae Hn oe i 


O prewssunsrnrrettenteenee enrerereeremrerrtre 7 
ltainae eee cn 
es ; a lit | Ha StL 


64 ep 
‘—q .——— Cy ag xm ER “I =u 


< o — aa suit ae a 
| ra) iI 
i = hae 
ee Hiatt oO 
a: z 
aoe | z 
" 2? ; an i s 
= li i RE 0 
” ti Te aes : a 
| re siegiea: setsiss a sabe Shsgreesasens SURE Suse: re ll 
_ 2 rH iE aT SHAR TE 2 
if e an  eeahians 2 
= -25) i ee a a : He Oo 
ro ia NE HE en etal ee ~~ - 
[oF a fects Hi HE ee eee ited uf pe AIT Ghd : 
: Ww ‘d Le = oe 6 > 
Oo i li et © 
° f Hy 2 
us i Se a 7 
“ : pe a RI Le Ha 


, ae 
a 


HH ie Beh EEE ial hia zen tisee 

Hu ae ee _ if ae He H ee aa fee a a a 
: “ly of HH HIRT HE aR THT iat ly SSSHHESHSTSE Hit facut dilstarisr cane ae id 
[ G 02 04 06 08 A 12 14 16 


NORMALIZED DOPPLER, f;/W = 8 — 
~ | FIG. 8.1 TIME SIDELOBE AND SIGNAL-TO-NOISE PERFORMANCE 


i cr ENE AOE NE AA a Pas a 
~ fod + tee et - 


52 


doppler shift. 


(g) When the step-amplitude modulated type of transmitted signal 
is used in conjunction with a receiver of bandwidth W, the sidelobe 
versus doppler curve would have an upward slope sligiitly less than that 


for the rectangular envelope, linear FM case shown by Curve J), 
8.2 Conclusions 


Although nonlinear FM techniques result in relatively low 
time sidelobes for zero doppler, the compressed pulse becomes severely 
distorted with high sidelobes as the doppler frequency is» increased. 

Since the time response for the nonlinear FM system is a function of the 
product of doppler arid the time bandwidth product, the s\stem performance 
deteriorates with increased doppler frequency or compression ratio. Tt is 
concluded that,when applied to pulse doppler radars operating isn the 
search mode, nonlinear IM techniques are inferior to those using linear FM. 
In the track mode of operation of a pulse doppler radar or in a mode where 
most of the doppler ahift has boen removed, full advantage vould be taken 
of the nonlinear FM signals with respect to sidelobe Jevel and sijmal-to~ 
noise ratio since 4 rectangular envelope signal is being transmitted and 


the system is matched for near zero dopplers. 


It has been shown that substantial reduction of the time sidelobe 
level can be obtained by a small number of steps in the tive envelope of 
the linear IM transmitted signal. By appropriately step-amplitude weight- 


ing the transmitted signal and spectrum weighting in the receiver, the 


sidelobe and signal-to-noise performance could be improved over that 


obtained in this study. 


8.3 Recommendations 


Based upon the results of this study, it is recommended 


that experimental evaluation be performed involviag amplitude-weighted 


frequency-coded waveforms, and that further experimental and theoretical 


study be performed in additional areas relating to linear FM pulse com- 


pression systems, These recommendations are summarized below. 


ae 


be 


Ce 


d. 


Experimental simulation should be implemented for the case of 
amplitude-weighted, frequency coded transmitted signals and 


frequency weighting in the receiver. 


The amplitude weighting in the transmitter and the frequency 
weighting in the receiver should approximate either square 
root of Taylor or square root of cosine-on-e-pedestal, and 


the frequency coding should be linear FM. 


Initial experimental investigation of amplitude weighting for 
the transmitted signal should be of the discrete-step type 


following a square root of Taylor curve. 


Experimental simulation should be implemented for the case 
of un-weighted linear FM transmitted signals with a Taylor 
weighted receiver, and with overall equivalent parameters 
(i.e. bandwidth, compression ratio, etc.) for use as a basis 


of comparison. 


5h 


és Experimental data should be taken on the two systems and evalue 
ation made to demonstrate the signal-to-noise improvement and 
Sidelobe behaviour in the presence of doppler shift when com- 


pared with the linear FM Taylor weighted receiver case. 


f. Experimental and theoretical study are needed in other areas 


related to linear IM pulse compression systems: 


(1) Accurate measurement of the linearity of the FM sweep is 
difficult using present techniques, and the development 


of more precise methods is necessary. 


(2) In the design of a practical pulse compression systen, 
the reduction of the time sidelobes is limited by the 
presence of the Fresnel wiggles in the spectrum, and 
studies to reduce this effect should be conducted once 


the actual spectrum and non-linearities are determined. 


(3) Investigations should be conducted on methods for imple- 
menting and improving the efficiency of the transmitter 


for amplitude modulated waveforms. 


When amplitude weighting is applied to the transmitted signal, 
doppler shifts do not disturb the relative amplitudes of the spectral 
components. Therefore, the compressed pulse output from a flat amplitude 
characteristic receiver remains unchanged with doppler shifts. Thus, 
the system is equivalent to a receiver that has a weighting filter that 


"tracks" a rectangular envelope linear FM signal as the signal is shifted 


Sr PNET I Te en enemy semper amr 
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by the doppler frequency. In the case of a fixed weighting filter in 
the receiver, as recommended above, the system is partially "tracking" 
since the weighted incoming signal spectrum is shifted by the doppler 
frequency with respect to tris fixed weighting filter characteristic. 
The sidelobe behaviour with doppler shifts should be better for this 
system than for the rectangular envelope linear FM system with a Taylor 
weighted receiver since there is no "tracking" at all in the latter 
system, With weighting in the transmitter and in the receiver, the 
system recommended for the investigation is closer to a matched system 


so that the signal-to-noise loss should be less than in the Taylor 


receiver case. 


= ale. 


wPPENDIX I 


Delay Function for Nonlinear ™ 


fhe delay function for a system that is constrained to a revtangular 


time envelope and a specified eanectrum arplitude is defined by 


tg(w) 2 fray} a? (1.2) 
a) io] oso = ’ A 3 
For a lO db Taylor weighted spectrum 

Fw) °° 1 + 2 < F, co8 m/w (1.2) 


m=] 


so that 


2 mo mu) lan 
F(w)! = lek : Fi COS «= + h FF. cos == Coa —— 8 (I.3 
a m=1 oe key ™k OW W 


Substituting this value of |r|? in equation (J.1) results in the delay 


= tyw) 2 [0+ ude, [coe 2 add 
2 2 Ww md kd 
4 42 on FP J, 08 8 ad | 
5 5 5 
eye ™) sin(m-k)u/W 
= [uw + LD Fa eG + 23 2. Fax { ene 


sin (m+k)u/W 


(mek) /w <r) 


For hO db Taylor weighting, terms involving F wf, » Where m and k are 


greater than 2 are negligible, so that cross product terms other than those 


ete SB x= 
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tor kel vr mel can be dropped. Under these conditions the delay will be 


5 . 
- ty(w) {w + kYF 2 sin + Fe [ew + w sin(av/W) | 


mel mm 


It 
Ate 


2 ein(m=1)w/W sin(m+1)w/w 
hd OY Geena + a lt (1.5) 


+ 
m=2 


Considering only those terms for Ps where m=2, the delay after factoring 


the quantity @nw(l + or?) can be expressed as 


anw(l + 27S) 


- to) { + TREES stem 
K n(1 + 2F¢) 
2 
+ sin— + —————— a 6 
an(a + 2p?) W mn(1 +2) = © 
F ¥ 
4 sin + A= sin = } (1.6) 
an(1 + 2r%) an(1 + 2) 


If the total tine duration of the pulse is denoted by T= 2rw(l + ar yiK, 


then 
I t a [ oe 3 in /W | 
: - t.(w) . oa te 4 K Sin (m/W) (I-7) 


co 
Fy 


where K, are the coefficients as indicated in equation (I.6). 
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LEST OF SYMBOLS 


a, a, - amplitude constant, n= 1, 2, ... N 


a(t) = amplitude response 

A( ) = spectrum amplitude 

AL = amplitude constant, n= 0, 1, 2, ... 
b, db, = constants, n=1, 2, ... N 

B,, = constants, m= 0, 1, 2 ... 


Cl, Co = constants 


D = time-bandwidth product, TW 

e(+) = doppler shifted transmitted waveform 

£ - frequency in cycles per second 

Lo = carrier frequency, cycles per second 

£(t) = signal function 

F( ) = spectrum amplitude 

Fy al constant n® 1, 25 ese 

FM = frequency modulation 

g(t) ™ time function corresponding to the spactrum G(r) 
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rect(t/T) 


receiver impulse response 

receiver transfer function 

transfer function of compression network 
frequency weighting function 

Ja 

Bessel functions of the first kind n #0, 1, 2, eee 
rate of iinear FM 

constants, m1, 2, wee 

integers 

integers 

subscript for output function 


subscript for received signal 
1 Iti < 1/2 
fe) lt! > 8/2 


subscript for receiver 
time response amplitude 
frequency spectrum amplitude 


(sin mtj/(nt) 


a=—_ SR Oe 


7 2 eo omg tp me Ee Oe le CU CE ERS 


é 


r 


eae 


W 


Z(u) 


i 


41 
time 
normalized time t/T 
time delay 
normalized time delay 
time duration of pulse 
transmitted signal time function 
normalized frequency variable 
received signal spectrum amplitude 
subscript for weighted function 
bandwidth in cycles per second 
normalized frequency variable 


complex Fresnel integral 


normalized time variable 

value of a at first zero 
normalized doppler frequency, $/W 
normalized frequency variable, f/W 


efficiency of pulse defined as ratio of main pulse 


energy to total energy of pulse 


angular variable 

dumny frequency variable 
3411159265046 

time variable 

doppler frequency in cycles per sec. 
phase of signal spectrum 


angular frequency 
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